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(54) Optical multiplexer based on an arrayed waveguide grating (AWG) 



(57) The arrayed waveguide grating (AWG) is a 
known prior art optical multiplexer used In WDM optical 
communication systems, in the prior art fiat-type AWG, 
the pulse waveform is distorted due to the dispersion in 
the AWG itself, and this forms a serious problem that 
makes it impossible to use the AWG as a multiplexer. 

In order to solve the problem of the prior art, an op- 
tical multiplexer is equipped with at least one input chan- 
nel optical waveguide provided on an optical waveguide 
substrate, a first slab optical waveguide, a channel op- 



tical waveguide array formed from a plurality of optical 
waveguides having a prescribed waveguide length, a 
second slab optical waveguide and at least one output 
channel optical waveguide sequentially connected in a 
tandem arrangement; and phase adjustment means for 
achieving the same phase distribution in the channel op- 
tical waveguide array. 

In accordance with the optical multiplexer of the 
present invention, it is possible to reduce the dispersion 
of the AWG, and this makes it possible to construct a 
large-capacity WDM optical communication system. 





(a) FirstSlab Optica! Waveguide (b) Second Slab Optical Waveguide 
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Description 

BACKGROUND OF THE INVENTION 
5 FIELD OF THE INVENTION 



[0001 ] The present invention is related to an optical multiplexer which carries out multiplexing and demultiplexing of 
optical signals in wavelength division multiplexing (WDM) optical communication and the like. 

w DESCRIPTION OF THE PRIOR ART 

[0002] The structure of a WDM optical communication system is shown in Fig. 1. As shown in Fig. 1, this system 
Includes an optical transmitter 1 , optical transmission circuits 2, an optical multiplexers, an optical communication path 
4, an optical receiver 5, an optical demultiplexer 6, and optical reception circuits 7. In the example shown in Fig. 1 , 

' * optical signals X1 ~Xn having different wavelengths are outputted from respective optical transmission circuits 2 in the 
optical transmitter 1 , and after being multiplexed by the optical multiplexer 3, such optical signals are transmitted to 
the optical communication path 4. In the optical receiver 5, the optical signals X1 ~ Xn from the optical communication 
path 4 are received by respective optical reception circuits 7 after being demultiplexed by the optical demultiplexers. 
[0003] The arrayed waveguide grating (AWG) shown in Fig. 2 is a known prior art optical multiplexer used in WDM 

20 optical communication systems. In the AWG of Fig. 2, an input channel optical waveguide 31 for inputting wavelength 
division multiplexed optica! signals, a first slab optical waveguide 32 for horizontally expanding the input light, a channel 
optical waveguide array 33 constructed from a plurality of optical waveguides having prescribed different lengths, a 
second slab optical waveguide 34 for creating interference with the light of the arrayed optical waveguides, and an 
output channel optical waveguide 35 for outputting demultiplexed optical signals are formed on an optical waveguide 

25 substrate 30. 

[0004] In this kind of AWG, in order to obtain a flat demuliplexing spectrum like that shown in Fig. 7 for the pass 
band, there Is a known method of carrying out adjustments so that the electric field amplitude and the electric field 
phase distribution in the boundary of the channel optical waveguide array 33 and the second slab optical waveguide 
34 of Fig. 2 form the amplitude and phase of a sine function. The sine function is given below: 

30 

sine £ = (sin / £ 



[0005] In the case where £ = n(m - 149)/60 (for a channel optical waveguide array of 298 optical waveguides), then 
for the array optical waveguide number m, Fig. 3 shows the electric field amplitude a(m), Fig. 4 shows the electric field 
phase e(m)/tt. and Fig. 5 shows the electric field distribution. The absolute value of the electric field distribution of Fig. 
5 forms the electric field amplitude of Fig. 3, and the positive range and negative range of the electric field distribution 
of Fig. 5 respectively form the 0 phase and n phase of Fig. 4. When the electric field amplitude and the electric field 
phase or the electric field distribution in the boundary of the channel optical waveguide array 33 and the second slab 
optical waveguide 34 of Fig. 2 are established like that shown in Fig. 3 ~ Fig. 5, the optical distribution in the boundary 
of the second slab optical waveguide 34 and the output channel optical waveguide 35 in Fig. 2 forms a roughly rec- 
tangular distribution as shown by the broken line of Fig. 6. The demultiplexing spectral characteristics of the AWG are 
given by an overlapping integral of the optical distribution of the broken line of Fig. 6 and the eigen-mode distribution 
of the output channel optical waveguide 35 of the solid line of Fig. 6. Because the optical distribution is roughly rec- 
tangular, the demultiplexing spectral characteristics of the AWG has a roughly flat pass band like that shown in Fig. 7. 
[0006] As for a method of making the electric field distribution in the boundary of the channel optical waveguide array 
33 and the second slab optical waveguide 34 form a sine function state, there is a known method of using a parabolic 
optical waveguide like that shown in Fig. 8 for the shape of the input channel optical waveguide 31 at the boundary 
with the first slab optical waveguide 32. When the parabolic shape and length of the input channel optical waveguide 
31 are set at appropriate values, it is possible to obtain a roughly rectangular optical distribution like that shown in Fig. 
8. When the rectangular optical distribution of Fig. 8 passes through the first slab optical waveguide 32 and is incident 
on the channel optical waveguide array 33, the electric field distribution of the channel optical waveguide array 33 
forms a sine function state distribution by a spatial Fourier transform relationship, and a roughly rectangular optical 
distribution like that shown in Fig. 9 is formed again at the boundary of the second slab optical waveguide 34 and the 
output channel optical waveguide 35. As a result, a pass band having flat demultiplexing spectral characteristics is 
obtained in the manner described above. 

[0007] In this kind of flat-type AWG, there is the problem that it is difficult to obtain flat characteristics when the 
parabolic shape of the optical waveguide is shifted from the established value, and in order to solve this problem, an 
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example (JP, 1 1 -1 42661 , A) has been proposed in which specific optical waveguides of the arrayed optical waveguides 
are removed and the luminous intensity distribution is compensated to make the luminous intensity distribution formed 
on the channel optical waveguide array approach a sine function state. As for the compensation described above, 
Instead of directly compensating the shift from the established value of the parabolic portion, the far-field thereof and 
the equivalent luminous intensity distribution in the channel optical waveguide array is compensated to approach a 
sine function state, and in this way the distribution spectrum of the AWG is improved to a rectangular state. However, 
in this kind of prior art flat-type AWG, there is the problem that the AWG itself has a large dispersion, and this problem 
could not be solved by the prior art compensation method of making the luminous intensity distribution approach a sine 
function state. 

[0008] Fig. 1 0 shows an example of the dispersion characteristics of a flat-type AWG having a 0.8nm channel space 
and a parabolic input channel optical waveguide. The horizontal axis is the relative wavelength from the central channel 
wavelength. The dispersion value is approximately a=-20ps/nm. Fig. 11 shows the results of calculating the pulse 
waveform distortion generated in the case where a light pulse having a bit rate B = 40Gbps Is incident on an AWG 
having a dispersion of o = -20ps/nm. In the case where the AWG itself has a dispersion of I a I = 20ps/nm, the waveform 
distortion of the signal is very large, and this is known to increase the error rate of the transmission signal. As is clear 
from Fig. 1 1 , in the prior art flat-type AWG, the pulse waveform is distorted due to the dispersion in the AWG itself, and 
this forms a serious problem that makes it impossible to use the AWG as a multiplexer. 

SUMMARY OF THE INVENTION 

[0009] In order to solve the problems of the prior art described above, it is an object of the present invention to reduce 
the dispersion of the AWG itself, and provide an optical multiplexer which can be suitably used for WDM optical com- 
munication. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0010] 

Fig. 1 is a drawing showing the structure of a WDM optical communication system. 
Fig. 2 is a drawing showing a prior art arrayed lattice-type optical multiplexer. 

Fig. 3 is a drawing showing the electric field amplitude at the boundary between the channel optical waveguide 
array and the second slab optical waveguide which is required in order to achieve a flat demultiplexing spectrum. 

Fig. 4 is a drawing showing the electric field phase at the boundary between the channel optical waveguide array 
and the second slab optical waveguide which is required In order to achieve a flat demultiplexing spectrum. 

Fig. 5 is a drawing showing the electric field distribution at the boundary between the channel optical waveguide 
array and the second slab optical waveguide which is required in order to achieve a flat demultiplexing spectrum. 

Fig. 6 is a drawing showing the optical distribution at the boundary between the second slab region and the output 
channel optical waveguide. 

Fig. 7 is a drawing showing the demultiplexing spectral characteristics of an AWG having a fiat spectrum. 

Fig. 8 is a drawing showing the roughly rectangular optical distribution achieved at the time when the shape and 
length of the parabolic input optical waveguide are set at appropriate values. 

Fig. 9 is a drawing showing a roughly rectangular optical distribution being formed again at the boundary between 
the second slab optical waveguide and the output channel optical waveguide. 

Fig. 1 0 is a drawing showing the experimental results of the dispersion of an AWG equipped with a parabolic input 
optical waveguide and having a flat spectrum. 

Fig. 11 is a drawing showing the results of calculating the pulse waveform distortion generated in the case where 
a pulse of B = 40Gbps is incident on an AWG having a dispersion of a = -20ps/nm. 
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Fig. 12 is a structural drawing of an embodiment of an AWG of the present invention. 

Fig. 13 is a drawing showing the slab optical waveguide of an embodiment of an AWG of the present invention. 

Fig. 1 4 is a drawing showing the calculation results of the electric field amplitude and the electric field phase formed 
at the boundary with the first slab optical waveguide by the propagating light which is incident on the parabolic 
input optical waveguide. 

Fig. 15 is a drawing showing the theoretical results and the experimental results of the electric field amplitude 
excited at each of the optical waveguides after the light having the electric field amplitude and the electric field 
phase of Ftg. 14 propagates through the first slab optical waveguide and reaches the channel optical waveguide 
array. 

Fig. 1 6 is a drawing showing the theoretical results and the experimental results of the electric field phase excited 
at each of the optical waveguides after the light having the electric field amplitude and the electric field phase of 
Fig. 14 propagates through the first slab optical waveguide and reaches the channel optical waveguide array. 

Fig. 17 Is a drawing showing the theoretical results and the experimental results of the dispersion of the AWG in 
accordance with Equation 4 and Equation 5 using the calculated values of the electric field amplitude of Fig. 15 
and the electric field phase of Fig. 16. 

Fig. 1 8 is a drawing showing the electric field amplitude required for achieving a low-dispersion AWG. 

Fig. 1 9 is a drawing showing the electric field phase required for achieving a low-dispersion AWG. 

Fig. 20 is a drawing showing the theoretical results of the dispersion of the AWG in accordance with Equation 4 
and Equation 5 using the calculated values of the electric field amplitude of Fig. 1 8 and the electric field phase of 
Fig. 19. 

Fig. 21 is a drawing showing the theoretical value and the target value of the electric field amplitude excited at the 
channel optical waveguide array. 

Fig. 22 is a drawing showing the state in which an axial shift is carried out for an optical waveguide of the channel 
optical waveguide array. 

Fig. 23 is a drawing showing the experimentally determined amount of shift (urn) required in order to obtain 
the desired loss a (dB) when carrying out the axial shift of an optical waveguide. 

Fig. 24 is a drawing showing the theoretical value and the target value of the electric field phase excited at the 
channel optical waveguide array. 

Fig. 25 is a drawing showing the optimum position for carrying out the axial shift In the channel optical waveguide 
array, or the optimum position for providing a gap. 

Fig. 26 is a drawing showing the state in which a gap is provided in an optical waveguide of the channel optical 
waveguide array. 

Fig. 27 is a drawing showing the experimentally determined gap (mm) required in order to obtain the desired 
loss a (dB) when providing the gap of the optical waveguide. 

Fig. 28 is a drawing showing the state in which the core width is changed in an optical waveguide of the channel 
optical waveguide array. 

Fig. 29 is a drawing showing the calculation results of the relationship between the core width 2a (urn) of an optical 
waveguide of the channel optical waveguide array and the equivalent index of refraction = p^. 

Fig. 30 is a drawing showing one embodiment of the manufacturing steps of the optical multiplexer of the present 
invention. 
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Fig. 31 is a drawing showing another embodiment of the manufacturing steps of the optical mult/demultiplexer of 
the present invention. 

Fig. 32 is a drawing showing loss to add for the mth optical waveguide. 

Fig. 33 is a drawing showing waveguide length to add for the m't h optical waveguide. 

Fig. 34 is a cross -sectional drawing showing a portion of one optical waveguide. 

Fig. 35 is a drawing showing the target electric field amplitude and the experimental electric field amplitude of the 
AWG of the present invention. 

Fig. 36 is a drawing showing the target electric field phase and the experimental electric field phase of the AWG 
of the present invention. 

Fig. 37 is a drawing showing the experimental results of the dispersion characteristics of the AWG of the present 
invention. 

Fig. 38 is a drawing showing a comparison of the experimental results of the dispersion characteristics of a prior 
art AWG and the AWG of the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0011] The preferred embodiments of the present invention are described below with reference to the drawings. 
EMBODIMENT 1 

[0012] Fig. 12 shows the first embodiment of the present invention. Namely, Fig. 12 shows an optical multiplexer 
constructed from an input channel optica! waveguide 1 1 , a first slab optical waveguide 1 2 for expanding the input light 
in a direction parallel with respect to the optical waveguide, a channel optical waveguide array 13 constructed from a 
plurality of optical waveguides in which each m'th optical waveguide has a length mAM + 8(m) with respect to the inside 
(m - 1 ) 'th optical waveguide, a second slab optical waveguide 1 4 for creating interference with the light of the arrayed 
optical waveguides, and an output channel optical waveguide 15 which are sequentially connected in tandem on an 
optical waveguide substrate. The term 6(m) is the adjustment value of the waveguide length determined by a method 
described later. Further, the waveguide length of adjacent arrayed optical waveguides of the channel optical waveguide 
array 13 is AM = 31 urn, the number of optical waveguides of the channel optical waveguide array 13 is N = 290, the 
number of channels of the multiplexer is N ch = 64, the channel space of the multiplexer is S = 1 00GHz, and the central 
channel wavelength is ^ enter = 1 .55um. 

[0013] Figs. 13(a) and 13(b) respectively show enlarged views of the first slab optical waveguide 12 and the second 
slab optical waveguide 1 4. In the first slab optical waveguide 1 2 shown in Fig. 1 3(a) or the second slab optical waveguide 
1 4 shown in Fig. 1 3(b), the waveguide space of the input channel optical waveguide 1 1 and the output channel optical 
waveguide 15 is D = 25pjn, the waveguide space of the channel optical waveguide array 13 is d = 20u,m, the radius 
of curvature of the first slab optical waveguide 12 and the second slab optical waveguide 14 is f = 30.76mm, the length 
of the parabolic input optical waveguide is I = 400u,m, and the width of the tip of the parabolic input is w = 23u,m. 
[0014] The core shape of the input channel optical waveguide 11 near the boundary with the first slab optical 
waveguide 12 has a parabolic shape like that shown in Fig. 8, and when the parabolic shape and the length are set at 
appropriate values, it is possible to obtain a rectangular optical distribution like that shown in Fig. 8. For this reason, 
In the present embodiment, it becomes even easier to adjust the loss and phase of the arrayed optical waveguides. 
Further, even when the shape of the optical waveguide is approximated by a tapered shape instead of an accurate 
parabolic shape, it is still possible to obtain the same results. 

[0015] Fig. 14 shows the results of the calculation of the electric field amplitude and the electric field phase formed 
inside the first slab optical waveguide 1 2 by the incident light from the parabolic input optical waveguide in the first slab 
optical waveguide 12. The calculation method is a so-called beam propagation method (BPM) which is a typical sim- 
ulation method of optical circuits, and this calculation method is well known by those skilled in the art. 
[0016] The light having the electric field amplitude and the electric field phase shown in Fig. 14 propagates through 
the first slab optical waveguide 12, and the calculated values of the electric field amplitude and the electric field phase 
excited in each of the optical waveguides of the channel optical waveguide array 1 3 are respectively shown in Fig. 1 5 
and Fig. 1 6. The experimental values are also shown in Fig. 1 5 and Fig. 1 6. The method of measuring the electric field 



EP 1 333 300 A2 



amplitude and the electric field phase in the channel optical waveguide array of an AWG is disclosed in measurement 
of phase error distributions In silica-based arrayed-waveguide grating multiplexers by using Fourier transform 
spectroscopy" (by K. Takada, Y. Inoue, H. Yamada and M. Horiguchi ; Electronics Letters, vol. 30, pp. 1671 - 1672, 
1994). Now, because Fig. 15 and Fig. 1 6 show that the calculated values and the experimental values of the electric 
field amplitude and the electric field phase excited in each of the optical waveguides of the channel optical waveguide 
array 13 match each other, it is understood that the actual electric field amplitude and the electric field phase can be 
estimated quite accurately by a computer simulation. When C(m) represents the electric field of the light excited at the 
m*th (m = 1 ~ N; where N is the number of optical waveguides of the channel optical waveguide array 13) optical 
waveguide of the channel optical waveguide array 13, the frequency characteristics E(v) of the AWG is represented 
by Equation 1 given below. 

Equation 1 

N 

E(v) = E C(m)exp[-j^ c (mAM+M 0 )] 
m=l 

[0017] In Equation 1 , v represents the frequency of the light, P c (= 2nvn c /c ; where n c represents the equivalent index 
of refraction of the channel optical waveguide, and c represents the speed of light) represents the propagation constant 
of light inside the channel optical waveguide array 1 3, AM represents the waveguide length of adjacent arrayed optical 
waveguides of the channel optical waveguide array 13, and M 0 represents a fixed waveguide length. In this case, 5 
(m) is zero. Using the electric field amplitude a(m) and the electric field phase G(m), the calculated value and the 
experimental value of the electric field C(m) of the light is represented by Equation 2 given below. 

Equation 2 



C(m) = a(m)exp[-je (m)] 

[0018] From Equation 1 and Equation 2, the frequency characteristics E(v) of the AWG can be represented by Equa- 
tion 3 given below. 



Equation 3 

N 

E ( v ) =exp [- j 0 C M 0 ] 2 a (m) [- j { j8 c m A M+ 6 (m) } ] 
=A(v) exp[-j0 ( v ) ] 



[0019] In general, it is known that the delay time i(v) of a transmission path such as an optical fiber and an optical 
filter such as an AWG can be obtained from Equation 4 given below. 

Equation 4 

, (v) = ._L d A [arg(E)] = 2 ±^ 
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[0020] In this case, arg(E) Is the phase term of the frequency characteristics E(v), and this is -e(v) in Equation 3. 
Next, the dispersion of the optical fiber and the AWG is obtained by taking the derivative of the delay time x(v) with 
respect to the wavelength X (= c/v ; where c Is the speed of light), and this is represented by Equation 5 given below. 



10 



35 



40 



Equation 5 



_ dx c dx 
0 -dX"~^dv 



[0021 J Fig. 1 7 shows the results of calculating the dispersion of the AWG from Equation 4 and Equation 5 using the 
calculated values of the electric field amplitude and the electric field phase of Fig. 4 and Fig. 5 as the electric field 
amplitude a(m) and the electric field phase 6(m) In Equation 3. For the sake of comparison, Fig. 17 also shows the 
experimental results of the dispersion of the AWG. As shown in Fig. 1 1 , in the case where the AWG itself has a dispersion 
15 lol = 20ps/nm, the signal waveform distortion becomes large, whereby there is the problem that It becomes impossible 
to use the AWG in a high-speed transmission system where B = 40Gbps or higher. 

[0022] In the type of fiat spectrum AWG that generates a roughly rectangular optical distribution in the input channel 
optical waveguide, the reason a large dispersion is generated is understood from a detailed examination of the dis- 
persion characteristics to be due to the fact that the variation of electric field phase G(m) in Equation 2 and Equation 

20 3 is dependent on the arrayed optical waveguide number m. Accordingly, it is understood that the dispersion of the 
AWG can be reduced by eliminating the dependency of the electric field phase G(m) with respect to the arrayed optical 
waveguide number m. Next, the dispersion was calculated for the case where the electric field amplitude shown in Fig. 
18 and the electric field phase shown in Fig. 19 were achieved by controlling the loss and waveguide length of each 
optical waveguide of the channel optical waveguide array 13 using a method described later. Further, the electric field 

25 distribution a(m)exp[-j9(m)] inside the channel optical waveguide array 13 in the case where an electric field amplitude 
and an electric field phase like those shown in Fig. 18 and Fig. 19 are achieved forms a sine function basically the 
same as that of Fig. 5, and good flat spectrum characteristics similar to those shown in Fig. 7 were obtained. Fig. 20 
shows the results of calculating the dispersion of the AWG from Equation 4 and Equation 5 using the calculated values 
of the electric field amplitude and the electric field phase of Fig. 18 and Fig. 1 9 as the electric field amplitude a(m) and 

30 the electric field phase G(m) in Equation 3. From a comparison with Fig. 17, it is understood that a sharp reduction of 
the dispersion is possible. 

[0023] Next, a description will be given for the method of achieving an electric field amplitude like that shown in Fig. 
18 and an electric field phase like that shown in Fig. 19 by controlling the loss and waveguide length of each optical 
waveguide of the channel optical waveguide array 13. First, Fig. 21 shows the theoretical value a^ryC™) (the same 
as Fig. 15) and the target value a goa ,(m) (the same as Fig. 18) of the electric field amplitude excited at the channel 
optical waveguide array 13. As shown in Fig. 15, the theoretical electric field amplitude matches well with the actual 
electric field amplitude excited at the channel optical waveguide array .13. Accordingly, using the theoretical electric 
field amplitude Ot heory (m) of the mth optical waveguide and the target electric field amplitude Og oa , (m), the loss cc(m) 
given by Equation 6 below may be added to the mth optical waveguide. 



Equation 6 

45 

[0024] As for the method of adding the loss to the channel optical waveguide, there is a method of shifting the central 
axis of the optical waveguide at a certain position of the channel optical waveguide array like that shown in Fig. 22. 
[0025] Fig. 23 is related to the method of shifting the central axis of the waveguide, and shows the experimental 
results of the amount of axial shift X shift (u.m) required for the desired axial shift loss a(dB). In this connection, the 

so optical waveguide used here has a core width 2a = 6.0u.m, a core thickness 2t = 6.0|xm, and a refractive index difference 
A = 0.75%. The loss a(dB) that should be added to the m'th optical waveguide is obtained from Equation 6, and the 
amount of axial shift (gm) of the optical waveguide required to achieve this a(m) (dB) is determined using Fig. 23. 
[0026] Next, Fig. 24 shows the theoretical value G theory (m) (the same as Fig. 16) and the target value 6^ (m) (the 
same as Fig. 1 9) of the electric field phase excited at the channel optical waveguide array 1 3. As shown in Fig. 1 6, the 

55 theoretical electric field phase matches well with the actual electric field phase excited at the channel optical waveguide 
array 13. In this case, using the theoretical electric field phase G theory (m) of the m'th optical waveguide, Equation 3 can 
be rewritten to obtain Equation 7 given below. 



7 
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Equation 7 
N 

E(v) = 2 agoal(m)exp[-j{(/3 c mAM+ jS c S (m) )+ 0 theory (m) } ] 
m=l 

[00271 However, when 6{m) is taken into consideration, the electric field amplitude is assumed to form the target 
electric field amplitude (m) by the method described above. Further, the term exp[-jp c Mo] can be omitted because 
it has no effect on the dispersion characteristics of the AWG, and the target frequency characteristics are given by 
Equation 8 below. 

Equation 8 

N 

Egoal ( v ) = L a goal (m) exp[-j { & c m AM+ G goal (m) } ] 
m=l 

[0028] In order for Equation 7 to match Equation 8, it is understood that the conditions given by Equation 9 below 
must be satisfied. 



Equation 9 
0 c 8(m) = egoal(m) - Gtheory(m) 

[0029] Accordingly, if X is the wavelength of the light, then the waveguide length 5(m) that should be added to or 
subtracted from the nVth optical waveguide is given by Equation 10 below. 

Equation 10 
5(m) = A.[Ggoal(m) - etheory(m)]/(27m c ) 

[0030] Now, in the case where 9^, (m) - 6 theory (m) > 0, because S(m) > 0, the waveguide length is added, and in 
the case where e goa , (m) - 6 theory (m) < 0, because 5(m) < 0, the waveguide length is subtracted. 
[0031 ] As described above, in the present embodiment, it is possible to reduce the dispersion of the AWG by adjusting 
the loss and phase of the arrayed optical waveguides using the theoretical electric field phase and the theoretical 
electric field amplitude. 

EMBODIMENT 2 

[0032] The second embodiment of the present invention will now be described. In the first embodiment, the propa- 
gating light that is incident from the parabolic optical waveguide of the input channel optical waveguide propagates 
through the first slab optical waveguide, and after this light reaches the channel optical waveguide array, calculations 
were carried out to determine what kind of optical distribution was excited at each of the optical waveguides, and then 
the loss a(m)(dB) that should be added to the mth optical waveguide was calculated using the theoretical value 
(m) and the target value a goa , (m) of the electric field amplitude excited at the channel optical waveguide array. Further, 
the amount of phase e(m) (rad) that should be adjusted for the m'th optical waveguide was calculated using the the- 
oretical value 6 theory (m) and the target value G goal (m) of the electric field phase excited at the channel optical waveguide 
array. 

[0033] In the present invention, a trial optical multiplexer was manufactured for experimental use, and in this trial 
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optical multiplexer, the propagating light that is incident from the parabolic optical waveguide of the input channel optical 
waveguide propagates through the first slab optical waveguide, and after this light reaches the channel optical 
waveguide array, calculations were carried out to determine what kind of optical distribution was excited at each of the 
optical waveguides. Next, the loss a(m)(dB) that should be added to the mth optical waveguide was calculated from 
the difference between the experimental value ^(m) and the target value cc^, (m) of the electric field amplitude 
excited at the channel optical waveguide array. Further, the amount of phase e(m) (rad) that should be adjusted for 
the mth optical waveguide was calculated from the difference between the experimental value 6 exper (m) and tn © target 
value (m) of the electric field phase excited at the channel optical waveguide array. Then, based on the calculated 
loss oc(m) that should be added to the mth optical waveguide and the calculated amount of phase 0(m) that should 
be adjusted for the mth optical waveguide, a target optical multiplexer was manufactured. 

[0034] As shown in Fig. 12, the present embodiment is an optical multiplexer in which the waveguide length of ad- 
jacent arrayed optical waveguides of the channel optical waveguide array 13 is AM = 31u.m, the number of optical 
waveguides of the channel optical waveguide array 1 3 is N = 290, the number of channels of the multiplexer is N ch = 
64, the channel space of the multiplexer is S = 100GHz, and the central channel wavelength Is = 1 .55um. In 

the first slab optical waveguide 12 shown in Fig. 13(a) or the second slab optical waveguide 14 shown in Fig. 13(b), 
the waveguide space of the input channel optical waveguide 11 and the output channel optical waveguide 15 is D = 
25pm, the waveguide space of the channel optical waveguide array 13 is d = 20nm, the radius of curvature of the first 
slab optical waveguide 12 and the second slab optical waveguide 14 is f = 30.76mm, the length of the parabolic input 
optical waveguide Is I = 400nm, and the width of the tip of the parabolic input is w = 23ujn. 

[0035] The incident light from the parabolic input optical waveguide in the first slab optical waveguide 1 2 propagates 
through the first slab optical waveguide 12, and the experimental values of the electric field amplitude and the electric 
field phase excited at each optical waveguide are respectively shown by broken lines in Fig. 1 5 and Fig. 1 6. The method 
of measuring the electric field amplitude and the electric field phase in the channel optical waveguide array of an AWG 
is disclosed in measurement of phase error distributions in silica-based arrayed-waveguide grating multiplexers by 
using Fourier transform spectroscopy" (by K. Takada, Y. Inoue, H. Yamada and M. Horiguchi ; Electronics Letters, vol. 
30, pp. 1671 - 1672, 1994). 

[0036] Next, Next, a description will be given for the method of achieving an electric field amplitude like that shown 
in Fig. 18 and an electric field phase like that shown in Fig. 19 by controlling the loss and waveguide length of each 
optical waveguide of the channel optical waveguide array 13. First, using the experimental electric field amplitude 
a exper( m ) of tne m 'th optical waveguide shown by the broken like of Fig. 1 5 and the target electric field amplitude o^, 
(m) shown in Fig. 18, the loss a(m) given by Equation 11 below may be added to the mth optical waveguide. 



Equation 1 1 

*=- 10l ^S f (dB) 

[0037] As for the method of adding the loss to the channel optical waveguide, there is a method of shifting the central 
axis of the optical waveguide at a certain position of the channel optical waveguide array like that shown in Fig. 22. 
[0038] Next, using the experimental value 6 exper (m) of the electric field phase excited at the channel optical waveguide 
array 13 as shown by the broken line of Fig. 1 6 and the target electric field phase (m) shown in Fig. 19, Equation 
3 can be rewritten to obtain Equation 12 given below. 



Equation 12 
N 

E(v) = 2 agoal(m)exp[-j{(0 c mAM+ 0 C S (m)) + 0 exper(m) }] 
m=l 



[0039] However, when 6(m) is taken into consideration, the electric field amplitude is assumed to form the target 
electric field amplitude ctg 0a , (m) by the method described above. Further, the term exp[-j0 c M o ] can be omitted because 
it has no effect on the dispersion characteristics of the AWG, and the target frequency characteristics are given by 
Equation 13 below. 



EP 1 333 300 A2 



Equation 13 

N 

Egoal ( v ) = 2 a goal (m) exp [- j { 0 c m A M+ 0 goal (m) } ] 
m=l 

[0040] In order for Equation 1 2 to match Equation 13, it is understood that the conditions given by Equation 14 below 
must be satisfied. 

Equation 14 
p c 6(m) = Ggoa!(m) - Gexper(m) 

[0041] Accordingly, if X is the wavelength of the light, then the waveguide length 8(m) that should be added to or 
subtracted from the m'th optical waveguide is given by Equation 15 below. 

Equation 15 
8(m) = A.[egoal(m) - eexper(m)]/(2rcn c ) 

[0042] Now, in the case where e^fm) - e exper (m) > 0, because 8(m) > 0, the waveguide length Is added, and in the 
case where e goa , (m) - e exper (m) < 0, because 8(m) < 0, the waveguide length is subtracted. 

[0043] As described above, in the present embodiment, it is possible to reduce the dispersion of the AWG by adjusting 
the loss and phase of the arrayed optical waveguides using the theoretical electric field phase and the theoretical 
electric field amplitude. 

EMBODIMENT 3 

[0044] In the first embodiment of the present invention, the method of providing the desired loss (dB) was described 
as being a method in which the central axis of the optical waveguide is shifted as shown in Fig. 22. 
[0045] As one method of providing the loss, in the case where the method of shifting the central axis of the optical 
waveguide of the channel optical waveguide array 13 described above is carried out, because the arc of the channel 
optical waveguide array 13 needs to be returned to Its original position, two positions are required for shifting the axis. 
Now, because the axis is shifted between two positions, the amount of loss provided at one axial shift position becomes 
a/2 (dB) which is half of the axial shift loss a shown in Fig. 23. 

[0046] As for the portion where the axis is shifted for the mth optical waveguide of the channel optical waveguide 
array 13, such shift may occur above the mth optical waveguide, but when left and right symmetrical axial shift portions 
are established with respect to the central axis of the channel optical waveguide array 1 3, there is the advantage that 
it becomes easy to carry out design and mask production. Further, stray light is generated from the axial shift portion, 
and a design needs to be provided to prevent such stray light from being incident on the axial shift portion of another 
optical waveguide. For example, the position of the axial shift portion of the optical waveguide in Fig. 25 will be de- 
scribed. An optimum design is obtained when the axial shift portions are arranged at two portions of a line AB and a 
line CD positioned at 45 degrees with respect to the center line of Fig. 25, namely, a line AB and a line CD positioned 
45 degrees left and right with respect to the center of the arc of the channel optica! waveguide array 13. 
[0047] The desired loss a (dB) will have a different value depending on each optical waveguide inside the channel 
optical waveguide array 13. Accordingly, in the case where the determined loss a (dB) of a certain optical waveguide 
is very large, the amount of axial shift (u.m) thereof will become too large, and because this will cause overlapping 
with an adjacent optical waveguide, it will not be possible to achieve the desired results. In this way, in the case where 
the desired loss a(dB) is large, one arrangement of the present invention is to eliminate such optical waveguide from 
the channel optical waveguide array at the beginning, namely, remove such optical waveguide or shut off such optical 
waveguide. 
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EMBODIMENT 4 

[0048] In addition to using the above-described method of shifting the central axis of the optical waveguide as a 
method of providing a desired loss, there Is a method of providing a gap at a position partway of the optical waveguide 
while maintaining the central axis at its original position as shown in Fig. 26. This method also makes it possible to 
achieve the desired loss a (dB) obtained from Equation 6. The amount of gap for obtaining the desired loss a (dB) is 
obtained by Fig. 27. 

[0049] As for the portion of the mth optical waveguide of the channel optical waveguide array where the gap is 
provided, such gap may be positioned anywhere along the mth optical waveguide. In the method of shifting the central 
axis of the optical waveguide, two axial shift portions were needed, but in the method of providing a gap portion of the 
present embodiment, a gap portion may be provided at just one location . However, in the case where the desired loss 
a (dB) is large, the loss a (dB) may be secured by providing a plurality of gap portions. 

[0050] Stray light is generated from the gap portion, and a design needs to be provided to prevent such stray light 
from being incident on the gap portion of another optical waveguide. In particular, the stray light is preferably prevented 
from approaching the center of the linear channel optical waveguide array. As for the portion where the gap is provided, 
for example, a gap portion is preferably provided at a location along either the line AB or the line CD positioned at 45 
degrees with respect to the center line of Fig. 25, namely, the line AB or the line CD positioned 45 degrees left and 
right with respect to the center of the arc of the channel optical waveguide array 13. 

[0051] It Is possible to prevent stray light from being incident again by alternately arranging the position of the gap 
portion on the line AB and the line CD for adjacent optical waveguides. Namely, by arranging the gap portion of odd- 
numbered optical waveguides along the line AB, and the gap portion of even-numbered optical waveguides along the 
line CD, it is possible to prevent stray light from being incident again on adjacent optical waveguides. 
[0052] Further, the desired loss a (dB) may also be obtained by appropriately combining the method of shifting the 
central axis of the optical waveguide with the method of providing the optical waveguide with a gap. 

EMBODIMENTS 

[0053] In the first embodiment of the present invention, the method in which the waveguide length S(m) is added to 
or subtracted from the mth optical waveguide was described as a method of achieving the desired amount of phase 
adjustment. 

[0054] As for another method of achieving the desired amount of phase adjustment, there is a method of increasing 
or decreasing the core width 2a (u.m) of the channel optical waveguide array as shown in Fig. 28. In the case where 
the phase is delayed, the core width 2a (u,m) is Increased, and in the case where the phase is advanced, the core 
width 2a (jim) is decreased. The increase and decrease of the core width was determined using Fig. 29. 
[0055] A description will now be given for the method of calculating the amount of increase and the amount of de- 
crease of the core width from Fig. 29. In the case where a phase addition of p(rad) is required as the added phase 
quantity e(m), and the core width 2a (p.m) of the mth optical waveguide of the channel optical waveguide array has a 
length L^^m) (mm), then only the quantity ^^(m) (urn) is added. At this time, U^m) (mm) and e^^m) (u,m) 
are determined to satisfy Equation 16 and Equation 17 given below. 

Equation 1 6 
{n c [2a + CwMihCm)] - n c (2a)}L wjdth (m) 
= A,[6goal(m) - etheory(m)]/(27i) 



Equation 1 7 
{n c [2a + £width (m)] - n c (2a)}L wWlh (m) 
= X[9goai(m) - eexper(m)]/(27i) 

[0056] In the method of achieving the required amount of phase adjustment by increasing or decreasing the core 
width, because a loss is generated at the portion where the core width changes, a design needs to be provided in 
which the loss due to the change of the core width is subtracted in advance from the amount of loss adjustment. 
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EMBODIMENT 6 

[0057] Fig. 30 is a flowchart showing the steps of the method of manufacturing the present Invention. A description 
of such steps is given below. 

STEP 1 

[0058] Calculations are carried out to determine what kind of electric field amplitude and electric field phase are 
formed at the boundary with the first slab optical waveguide by the incident light which propagates from the parabolic 
input optical waveguide of the input channel optical waveguide. 

STEP 2 

[0059] Calculations are carried out to determine what kind of optical distribution Is excited at each optical waveguide 
after the light that has the electric field amplitude and the electric field phase calculated at Step 1 propagates through 
the first slab optical waveguide and reaches the channel optical waveguide array. 

STEP 3 

[0060] The loss a (dB) that should be added to the mth optical waveguide is calculated by Equation 6 given below 
using the theoretical value oc theoiy (m) and the target value (m) of the electric field amplitude excited at the channel 
optical waveguide array. 

Equation 6 

STEP 4 

[0061] The amount of axial shift X^ hm (urn) for the m'th optical waveguide required for achieving the loss a (dB) is 
determined using Fig. 23, or the amount of gap (u,m) for the mth optical waveguide required for achieving the 
loss a (dB) is determined using Fig. 27. 

STEP 5 

[0062] The amount of phase e(m) (rad) that should be adjusted for the m'th optical waveguide is calculated by 
Equation 1 8 given below using the theoretical value 6^^(01) and the target value (m) of the electric field phase 
excited at the channel optical waveguide array. 

Equation 1 8 
e(m) = egoal(m) - etheory(m) 

STEP 6 

[0063] In order to achieve the amount of phase adjustment B(m) (rad), the required waveguide length 6 (urn) that 
should be added to or subtracted from the mth optical waveguide is calculated by Equation 1 0 given below, or the 
amount of core width 2a (um) that should be increased or decreased is calculated by Equation 16 given below. 

Equation 1 0 
6 (m) = X[0goal(m) - 6theory(m)]/(27in c ) 

Equation 16 
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= X[GgoaI(m) - etheory(m)J/(2rc) 

5 

STEP 7 

[0064] An AWG is manufactured by taking into consideration the amount of axial shift (urn) or the amount of 
gap Xg^ (urn) for the mlh optical waveguide, and the waveguide length 5 (u/n) or the amount of core width 2a (urn) 
10 that should be increased or decreased for the mth optical waveguide. 

[0065] In this regard, the manufacturing method preferably includes all of Step 1 through Step 7, but it is also possible 
to use a manufacturing method in which only the phase is adjusted by omitting Step 3 and Step 4, whereby it is possible 
to sufficiently reduce the dispersion in comparison with a prior art AWG. 

[0066] In the present embodiment, it Is possible to reduce the dispersion of the AWG by adjusting the loss and phase 
15 of the arrayed optical waveguides using the theoretical electric field phase and electric field amplitude. 

EMBODIMENT 7 



20 



30 



35 



45 



[0067] Rg. 31 is a flowchart showing the steps of another method of manufacturing the present invention. A descrip- 
tion of such steps is given below. 



STEP 1 



[0068] Calculations are carried out to determine what kind of optical distribution Is excited at each optical waveguide 
25 after the incident light which propagates from the parabolic input optical waveguide of the input channel optical 
waveguide in a trial optical multiplexer prepared for experimental use propagates through the first slab optical 
waveguide and reaches the channel optical waveguide array. 



STEP 2 

[0069] The loss a (m) that should be added to the m'th optical waveguide is calculated by Equation 1 1 given below 
using the experimental value cc exper (m) and the target value (m) of the electric field amplitude excited at the 
channel optical waveguide array. 

Equation 1 1 



40 STEP 3 



[0070] The amount of axial shift X^ (urn) for the m'th optical waveguide required for achieving the loss a (dB) is 
determined using Fig. 23, or the amount of gap X gap (urn) for the mth optical waveguide required for achieving the 
loss a (dB) is determined using Fig. 27. 

STEP 4 



[0071] The amount of phase B(m) (rad) that should be adjusted for the mth optical waveguide is calculated by 
Equation 1 9 given below using the experimental value G exper (m) and tne target value 8 goa , (m) of the electric field phase 
so excited at the channel optical waveguide array. 

Equation 1 9 

55 e(m) = egoal(m) - Gexper(m) 
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STEP 5 

[0072] In order to achieve the amount of phase adjustment e(m) (rad), the required waveguide length 6 (urn) that 
should be added to or subtracted from the mth optical waveguide is calculated by Equation 15 given below, or the 
amount of core width 2a (u.m) that should be increased or decreased is calculated by Equation 17 given below. 

Equation 15 
5(m) = A.[egoal(m) - eexper(m)]/(2nn c ) 



Equation 17 

1S {nJ 2a+e width( m )] " M^HLwwm < m ) 

= X[8goal(m) - eexper(m)]/(2rc) 

STEP 6 

20 

[0073] An AWG is manufactured by taking into consideration the amount of axial shift (jim) or the amount of 
gap Xggp (urn) for the mth optical waveguide, and the waveguide length 8 (ujti) or the amount of core width 2a (^m) 
that should be increased or decreased for the nVth optical waveguide. 

[0074] In this regard, the manufacturing method preferably includes all of Step 1 through Step 6, but it is also possible 
25 to use a manufacturing method in which only the phase is adjusted by omitting Step 2 and Step 3, whereby it is possible 
to sufficiently reduce the dispersion in comparison with a prior art AWG. 

[0075] In the present embodiment, it is possible to reduce the dispersion of the AWG by adjusting the loss and phase 
of the arrayed optical waveguides using the experimental electric field phase and electric field amplitude. 

30 EMBODIMENT 8 

[0076] The optical multiplexer of the present invention was manufactured using silica optical waveguide manufac- 
turing technology. First, a Si0 2 lower clad layer was deposited onto a Si substrate using a flame hydrolysis deposition 
method, and then after depositing a core layer of Si0 2 glass with Ge0 2 added as a dopant, a transparent glass is 

35 formed by an electric furnace. 

[0077] Fig. 32 and Fig. 33 respectively show the loss to add cc(m) and the waveguide length to add 6(m) for the m'th 
optical waveguide determined in accordance with the steps of Fig. 30. As for the loss to add oc(m), the ratio of theoretical 
electric field amplitude and the target electric field amplitude of Fig. 21 was calculated, and this was converted to dB. 
As for the waveguide length to add 8(m), the difference between the theoretical electric field phase and the target 

40 electric field phase of Fig. 24 was calculated, and because this was converted to a waveguide length using the index 
of refraction and the operating wavelength of the optical waveguide, a positive value means that the optical waveguide 
is made longer, and a negative value means that the optical waveguide is shortened. In Fig. 32 and Fig. 33, both oc(m) 
and 5(m) have two point where the graph is discontinuous, and in this regard, the loss to add a(m) becomes infinite, 
and the waveguide length to add 5(m) becomes discontinuous. In this case, when the loss is infinite, such optical 

45 waveguide may be eliminated at the beginning, and as for the waveguide length to add 8(m) for both optical waveguides 
adjacent to the eliminated optical waveguide, the waveguide adjustment direction is changed from adding to shortening 
or from shortening to adding. 

[0078] Further, the provision of the specific loss addition is achieved by providing a prescribed amount of axial shift 
partway of the optical waveguide from the relationship between the loss to add ct(m) and the amount of axial shift X shjft 
so (m) using Fig. 23. 

[0079] A mask pattern was created taking into consideration the amount of axial shift X shfft (m) and the waveguide 
length to add 5(m) determined as described above. Using the mask pattern created in this way, etching was carried 
out on the core layer to form an optical waveguide portion, and then a deposition was carried out again to deposit a 
Si0 2 upper clad layer. Fig. 34 shows a cross-sectional view of a portion of one optical waveguide. The optical waveguide 
55 used here has a core width 2a = 6.0u,m, a core thickness 2t = 6.0ujti, and a refractive index difference A = 0.75%. 

[0080] In the present embodiment, an AWG having a channel space S = 1 00GHz was designed. For the AWG of the 
present invention manufactured in this way, the target electric field amplitude a{m) and the experimental electric field 
amplitude a(m) are shown in Fig. 35, and the target electric field phase 5(m) and the experimental electric field phase 
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8(m) are shown in Fig. 36. From Fig. 35 and Fig. 36, it was confirmed that the theoretical value and the experimental 
value had a good match for both the electric field amplitude a(m) and the electric field phase 6(m). 
[0081] Next, Fig. 37 shows the experimental results of the dispersion characteristics of the AWG of the present 
invention. Fig. 37 shows that the dispersion of the AWG of the present invention Is roughly zero, and from a comparison 
with the experimental value of Fig. 17 showing the dispersion of a prior art AWG, it is understood that the dispersion 
is sharply reduced. 

EMBODIMENT 9 

[0082] Next, a description will be given for an embodiment for an AWG having a channel space S = 50GHz. As for 
the parameters of the AWG described in the present embodiment, the waveguide space of the input channel optical 
waveguide in the first slab optical waveguide and output channel optical waveguide in the second slab optical 
waveguide Is D = 25ujn, the waveguide space of the arrayed optical waveguides in the first slab optical waveguide 
and the arrayed optical waveguides In the second slab optical waveguide is d = 20|xm, the radius of curvature of the 
first and second slab optical waveguides is f = 30.24mm, the waveguide length of adjacent arrayed optical waveguides 
of the channel optical waveguide array is AM = 63u,m, the number of optical waveguides of the channel optical 
waveguide array is N = 300, the number of channels of the multiplexer is N ch = 64, the channel space of the multiplexer 
is S = 50GHz, and the central channel wavelength is = 1 .55ujt». Further, the length of the parabolic input optical 
waveguide is I = 400pjn, and the width of the parabolic shape Is w = 23u.m. 

[0083] In the same manner as that of Embodiment 8, the amount of axial shift X shm (m) for the m'th optical waveguide 
and the waveguide length S(m) increased or decreased for the mth optical waveguide are determined in accordance 
with the steps of Fig. 30. Fig. 38 shows the experimental results of the dispersion characteristics of the AWG of the 
present embodiment. The dispersion of the AWG of the present invention is approximately a = -15ps/nm, and compared 
with the prior art AWG which has a dispersion o = -160ps/nm, it is understood that the present invention makes it 
possible to sharply reduce the dispersion of the AWG. When the dispersion of the AWG is reduced to this level, sufficient 
characteristics are provided for an optical communication system having a transmission speed B = 10Gbps. 

EMBODIMENT 10 

[0084] In the optical communication system shown in Fig. 1 , when the optical multiplexer described in Embodiment 
9 is combined with the optical transmitter 11 and the optical receiver 15, it is possible to obtain an optical communication 
system in which the central channel wavelength is = 1 .55u.m, the number of channels of the multiplexer is N ch 

= 64, the channel space of the multiplexer is S = 50GHz, and the transmission speed is B = 1 0Gbps. When this optical 
transmitter and optical receiver are combined, the total capacity becomes 10Gbps x 64 = 640Gbps. 
[0085] As described above, in accordance with the optical multiplexer and the manufacturing method thereof of the 
present invention, by adjusting the loss and phase of the optical waveguides of the channel optical waveguide array, 
it is possible to reduce the dispersion of the AWG, and this makes it possible to construct a large-capacity WDM optical 
communication system. 



Claims 

1. An optical multiplexer, comprising: 

at least one input channel optical waveguide, a first slab optical waveguide, a channel optical waveguide array 
formed from a plurality of optical waveguides having a prescribed waveguide length, a second slab optical 
waveguide and at least one output channel optical waveguide seq uentially connected in a tandem arrangement 
on an optical waveguide substrate; and 

phase adjustment means for achieving the same phase distribution in said channel optical waveguide array. 

2. An optical multiplexer, comprising: 

at least one input channel optical waveguide, a first slab optical waveguide, a channel optical waveguide array 
formed from a plurality of optical waveguides having a prescribed waveguide length, a second slab optical 
waveguide and at least one output channel optical waveguide sequentially connected in a tandem arrangement 
on an optical waveguide substrate; and 

phase adjustment means for achieving the same phase distribution in each of the optical waveguides of said 
channel optical waveguide array. 
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An optical multiplexer, comprising: 

at least one input channel optical waveguide, a first slab optical waveguide, a channel optical waveguide array 
formed from a plurality of optical waveguides having a prescribed waveguide length, a second slab optical 
waveguide and at least one output channel optical waveguide sequentially connected in a tandem arrangement 
on an optical waveguide substrate; and 

phase adjustment means for achieving the same phase distribution in an mth optical waveguide of said channel 
optical waveguide array based on an amount of phase adjustment e(m) which is defined to be the difference 
between a target electric field phase 8 goal (m) excited at the mth optical waveguide of said channel optical 
waveguide array by propagating light incident on said input channel optical waveguide which makes It possible 
to achieve desired demultiplexing characteristics, and a theoretical electric field phase e^^m) excited at 
the mth optical waveguide of said channel optical waveguide array by the propagating light incident on said 
input channel optical waveguide before phase adjustment, wherein e(m) = e goal (m) - e^^On). 

An optical multiplexer, comprising: 

at least one input channel optical waveguide, a first slab optical waveguide, a channel optical waveguide array 
formed from a plurality of optical waveguides having a prescribed waveguide length, a second slab optical 
waveguide and at least one output channel optical waveguide sequentially connected in a tandem arrangement 
on an optical waveguide substrate; and 

phase adjustment means for achieving the same phase distribution in an mth optical waveguide of said channel 
optical waveguide array based on an amount of phase adjustment S(m) which is defined to be the difference 
between a target electric field phase 8 goal (m) excited at the mth optical waveguide of said channel optical 
waveguide array by propagating light incident on said input channel optical waveguide which makes It possible 
to achieve desired demultiplexing characteristics, and an experimental electric field phase 8 exper (m) excited 
at the mth optical waveguide of said channel optical waveguide array by the propagating light incident on said 
input channel optical waveguide before phase adjustment, wherein 0(m) = e goa ,(m) - e^^m). 

The optical multiplexer of any one of Claim 1 , 2, 3 or 4, further comprising a loss adjustment means for achieving 
a sine function type electric field intensity at the optical waveguides of said channel optical waveguide array. 

The optical multiplexer of any one of Claim 1 , 2, 3 or 4, further comprising loss adjustment means which supplies 
the m'th optical waveguide of said channel optical waveguide array with an amount of loss adjustment A(m) which 
is defined to be the difference between a target electric field amplitude a^fm) excited at the mth optical waveguide 
of said channel optical waveguide array by the propagating light incident on said input channel optical waveguide 
which makes it possible to achieve desired demultiplexing characteristics, and a theoretical electric field amplitude 
Othepry^) excited at the mth optical waveguide of said channel optical waveguide array by the propagating light 
incident on said input channel optical waveguide before loss adjustment, wherein A(m) = -10 x log[cc goaI (m) / 

OtheoryC™)]- 

The optical multiplexer of any one of Claim 1 , 2, 3 or 4, further comprising loss adjustment means which supplies 
the mth optical waveguide of said channel optical waveguide array with an amount of loss adjustment A(m) which 
is defined to be the difference between a target electric field amplitude oc^On) excited at the mth optical waveguide 
of said channel optical waveguide array by the propagating light incident on said input channel optical waveguide 
which makes it possible to achieve desired demultiplexing characteristics, and an experimental electric field am- 
plitude a exper (m) excited at the mth optical waveguide of said channel optical waveguide array by the propagating 
light incident on said input channel optical waveguide before loss adjustment, wherein A(m) = -1 0 x log[ag 0a ,(m) 
'a exper (m)]. 

The optical multiplexer of any one of Claim 1, 2, 3, 4, 5, 6 or 7, wherein the core of said input channel optical 
waveguide near the boundary with said first slab optical waveguide has a parabolic shape. 

The optical multiplexer of any one of Claim 1, 2, 3, 4, 5, 6 or 7, wherein the core of said input channel optical 
waveguide near the boundary with said first slab optical waveguide has a tapered shape. 

The optical multiplexer of any one of Claim 1 , 2, 3, 4, 5, 6, 7, 8 or 9, wherein said phase adjustment means increases 
or decreases the waveguide length of said channel optical waveguide array. 
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1 1 . The optical multiplexer of any one of Claim 1,2,3,4,5,6, 7, 8 or 9, wherein said phase adjustment means increases 
or decreases the waveguide core width of said channel optical waveguide array. 

12. The optical multiplexer of any one of Claim 5, 6, 7, 8 or 9, wherein said loss adjustment means shifts the axis at 
the optical waveguides of said channel optical waveguide array. 

13. The optical multiplexer of any one of Claim 5, 6, 7, 8 or 9, wherein said loss adjustment means provides a gap in 
the optical waveguides of said channel optical waveguide array. 

14. The optical multiplexer of any one of Claim 5, 6, 7, 8 or 9, wherein the loss adjustment means eliminates or shuts 
off one or more prescribed optical waveguides of said channel optical waveguide array. 

15. A method of producing an optical multiplexer comprising: 

at least one input channel optical waveguide, a first slab optical waveguide, a channel optical waveguide array 
formed from a plurality of optical waveguides having a prescribed waveguide length, a second slab optical 
waveguide and at least one output channel optical waveguide sequentially connected in a tandem arrangement 
on an optical waveguide substrate; and 

phase adjustment means for achieving the same phase distribution in an mth optical waveguide of said channel 
optical waveguide array based on an amount of phase adjustment e(m) which is defined to be the difference 
between a theoretical electric field phase e^cryC™) excited at the mth optical waveguide of said channel 
optical waveguide array before phase adjustment by light having a theoretical electric field phase whose value 
is obtained by calculating the electric field phase excited at the boundary with a first fan-shaped slab region 
by propagating light incident on said input channel optical waveguide, and a target electric field phase e goaJ 
(m) excited at the mth optical waveguide of said channel optical waveguide array by the propagating light 
incident on said input channel optical waveguide which makes it possible to achieve desired demultiplexing 
characteristics, wherein e(m) = e^^m) - e^^m). 

16. A method of producing an optical multiplexer comprising: 

at least one input channel optical waveguide, a first slab optical waveguide, a channel optical waveguide array 
formed from a plurality of optical waveguides having a prescribed waveguide length, a second slab optical 
waveguide and at least one output channel optical waveguide sequentially connected in a tandem arrangement 
on an optical waveguide substrate; and 

phase adjustment means for achieving the same phase distribution in an mth optical waveguide of said channel 
optical waveguide array based on an amount of phase adjustment e(m) which is defined to be the difference 
between an experimental electric field phase 6 exper (m) excited at the mth optical waveguide of said channel 
optical waveguide array before phase adjustment by light having an experimental electric field phase whose 
value is obtained by measuring the electric field phase excited at the boundary with a first fan-shaped slab 
region by propagating light incident on said input channel optical waveguide, and a target electric field phase 
G goai( m ) excited at the nrVth optical waveguide of said channel optical waveguide array by the propagating light 
incident on said input channel optical waveguide which makes it possible to achieve desired demultiplexing 
characteristics, wherein 9(m) = e^m) - e exper (m). 

1 7. The method of producing an optical multiplexer of Claim 15 or Claim 1 6, further comprising loss adjustment means 
which supplies the mth optical waveguide of said channel optical waveguide array with an amount of loss adjust- 
ment A(m) which is defined to be the difference between a theoretical electric field amplitude Ot heory (m) excited at 
the m'th optical waveguide of said channel optical waveguide array before loss adjustment by light having a the- 
oretical electric field phase whose value is obtained by calculating the electric field phase excited at the boundary 
with a first fan-shaped slab region by propagating. light incident on said input channel optical waveguide, and a 
target electric field amplitude ag^m) excited at the mth optical waveguide of said channel optical waveguide 
array by the propagating light incident on said input channel optical waveguide which makes it possible to achieve 
desired demultiplexing characteristics, wherein A(m) = -10 x logta^mj/o^oryf™)]- 

18. The method of producing an optical multiplexer of Claim 1 5 or Claim 1 6, further comprising loss adjustment means 
which supplies the mth optical waveguide of said channel optical waveguide array with an amount of loss adjust- 
ment A(m) which is defined to be the difference between an experimental electric field amplitude a exper (m) excited 
at the m'th optical waveguide of said channel optical waveguide array before loss adjustment by light having an 
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experimental electric field phase whose value is obtained by measuring the electric field phase excited at the 
boundary with a first fan-shaped slab region by the propagating light incident on said input channel optical 
waveguide, and a target electric field amplitude a^m) excited at the m'th optical waveguide of said channel 
optical waveguide array by the propagating light incident on said input channel optical waveguide which makes it 
possible to achieve desired demultiplexing characteristics, wherein A(m) = -10 x logta^^myaexpe^m)]. 

19. The method of producing an optical multiplexer of any one of Claim 15, 16, 17 or 18, wherein the core of said input 
channel optical waveguide near the boundary with said first slab optical waveguide is formed to have a parabolic 
shape. 

20. The method of producing an optical multiplexer of any one of Claim 15, 16, 17 or 18, wherein the core of said input 
channel optical waveguide near the boundary with said first slab optical waveguide is formed to have a tapered 
shape. 

21. Themethodof producing an optical multiplexerof any one of Claim 15, 16, 1 7 or 1 8, wherein said phase adjustment 
means increases or decreases the waveguide length of said channel optical waveguide array. 

22. The method of producing an optical multiplexer of any one of Claim 1 5, 1 6, 1 7 or 1 8, wherein said phase adjustment 
means increases or decreases the waveguide core width of said channel optical waveguide array. 

23. The method of producing an optical multiplexer of any one of Claim 1 5, 1 6, 1 7 or 1 8, wherein said loss adjustment 
means shifts the axis at the optical waveguides of said channel optical waveguide array. 

24. The method of producing an optical multiplexer of any one of Claim 1 5, 1 6, 1 7 or 1 8, wherein said loss adjustment 
means provides a gap in the optical waveguides of said channel optical waveguide array. 

25. The method of producing an optical multiplexer of any one of Claim 1 5, 1 6, 1 7 or 1 8, wherein the loss adjustment 
means eliminates or shuts off one or more prescribed optical waveguides of said channel optical waveguide array. 

26. An optical transmitter or optical receiver equipped with the optical multiplexer described in any one of Claim 1 , 2, 
3,4,5, 6,7,8,9, 10, 11,12, 13 or 14. 
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